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Abstract 

The synthesis of 1,2,3-trisubstituted indoles was investigated. More specifically, straightforward synthetic routes towards 1-(1,2- 
diarylindol-3-yl)-A'-PG-THIQs (PG = protecting group, THIQ = tetrahydroisoquinoline) employing transition metal-catalyzed C-H 
and N-H-bond functionalization were explored. It was found that the synthesis of the target compounds is strongly dependent on 
the order of events. Hence, depending on the requirements of a synthetic problem the most suitable and promising pathway can be 
chosen. Additionally, a new synthetic approach towards 1,2-diarylindoles starting from 1-arylindole could be established in the 
course of our investigation by using a palladium-catalyzed protocol. Such 1,2-diarylindoles were successfully reacted with A'-Boc- 
THIQ to fiirnish 1,2,3-trisubstituted indoles as target compounds. Furthermore, regioselective N-arylation of protected and unpro- 
tected l-(indol-3-yl)-THIQs was successfully conducted using either simple iron or copper salts as catalysts. 

Introduction 

1,2,3,4-Tetrahydroisoquinolines (THIQs) are common substruc- 
tures in natural products [1]. The structural motif of l-(indol-3- 
yl)-THIQ is also found in compounds with biological activity, 
for example activity against cancer cells by inhibition of RadSl 
- a protein which interacts with the tumor suppressor BRCA2 
(Figure 1, l-(indol-3-yl)dihydroisoquinoline I) [2]. Further- 
more, l-(indol-3-yl)-THIQs are also investigated as agents 
against neurodegenerative diseases (Figure 1, II) [3]. Moreover, 
the indole moiety is considered as a privileged structure since it 
is encountered in many bioactive molecules and arylindoles [4] 



are particularly active when substituted in 2-position [5]. 1,2- 
Diarylindoles have been reported to display interesting pharma- 
cological activities, e.g., as estrogen receptor ligands (Figure 1, 
III) [6], having potential in the treatment of Alzheimer's disease 
(Figure 1, IV) [7], or in treatment of diseases associated with 
defects in vesicular (axonal) transport (Figure 1, IV) [8]. 

Interestingly, l-(indol-3-yl)-THIQs carrying additional aryl 
substituents on the indole ring have not been reported as bioac- 
tive molecules so far. Actually, this compound class is under- 
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Figure 1 : General structures of biologically active dilnydroisoquinolines, THIQs and 1 ,2-diarylindoles. 



represented in literature with only three examples of 1-(1- 
arylindol-3-yl)-THIQs being reported [9,10]. No l-(2-arylindol- 
3-yl)-THIQs or l-(l,2-diarylindol-3-yl)-THIQs 1 have been 
disclosed in literature up to date. The latter compound class can 
be considered as a combination of structural features of general 
structures I-IV which would lead to 1 (Figure 1), the target 
compounds of the present contribution. It was our aim to 
develop a facile synthetic route towards compounds 1 due to 
their prospect to display certain pharmaceutical properties. 

Several synthetic methods for the preparation of l-(indol-3-yl)- 
THIQs have been reported: In the year 2004, Venkov et al. 
described a metal-free procedure for the formation of l-(indol- 
3-yl)-THIQs by addition of indole to a dihydroisoquinoline 
iminium salt [11]. This sjmthesis has been streamlined by cross 
dehydrogenative coupling (CDC) - a powerful method for C-C- 
bond formation via the C-H bonds of a pro-nucleophile and a 
pro-electrophile [12-14]. A landmark contribution published by 
Li and co-workers reported the successful introduction of func- 



tionalized indoles into position 1 of N-arylated THIQ in pres- 
ence of ?er?-butylhydroperoxide (/-BHP) using copper(I) bro- 
mide as catalyst (Scheme 1) [15]. Inspired by this report the 
method has been expanded by others in terms of oxidant, cata- 
lyst and substrate scope [16-21]. In our group we could address 
one important shortcoming of the THIQ indolation: the require- 
ment for an N-phenyl group on THIQ. We could demonstrate 
that the indolation can also be carried out with the easily remov- 
able Boc group and even in absence of any protecting group 
[22,23]. 

The synthesis of arylated indoles is well established via a series 
of transformations. The direct arylation via C-H functionaliza- 
tion represents a very efficient approach in this regard [24-31] 
with methods available to either decorate position 2 or 3 regio- 
selectively [32-45]. However, these methods have not been 
applied on complex molecules leading to sterically crowded 
compounds. Additionally, N-arylation of indole is well estab- 
lished as well [25,46-49]. 









CuBr (5 mol %), 
f-BHP (1.3 equiv) 


CO.. 


CO. 




H 


50 °C, 15 h 




Scheme 1: Li's THIQ indolation protocol. 
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Within this contribution we report a comprehensive investi- 
gation of strategies to prepare l-(l,2-diarylindol-3-yl)-A'- 
protected-THIQs 1 by employing palladium, copper, and iron- 
catalyzed methods. 

Results and Discussion 

Catalyst price and availability were important considerations for 
selecting transformations to be used in this project. Whenever 
possible, iron or copper catalysis was envisioned since these 
two metals are most desirable out of economic and environ- 
mental reasons. However, in cases where these metals cannot 
give satisfactory results, palladium should be used to solve the 
problem. Analyzing the target compound class, several syn- 
thetic routes can be drafted. As a premise, we wanted to use 
direct functionalization either via C-H activation or cross dehy- 
drogenative couphng for C-C-bond-forming reactions avoiding 
the use of two prefunctionalized building blocks. Naturally, 
C-N-bond formation should proceed via Buchwald-Hartwig 
coupling. The target molecules can be considered as 1,2,3- 
trisubstituted indoles and we decided to synthesize them starting 
from (substituted) indole 2. Hence, six synthetic routes are 
proposed which differ only in the order of bond- forming events. 
Considering the location of bond formations at indole, the posi- 
tions can be decorated in the following orders: 1-2-3 (route E), 
1-3-2 (route D), 2-1-3 (route F), 2-3-1 (route A), 3-1-2 (route 
C), and 3-2-1 (route B) (Scheme 2). It was our aim to investi- 
gate all of these routes in order to assess efficiency towards key 
intermediates and target structures. Initially pathways towards 
intermediates 6-8 will be presented before the final step from 
these compounds towards target structure 1 will be discussed. 



Pathways towards intermediates 6-8 
Synthesis of intermediate 6 tinrougin routes A and B 

Various reaction conditions have been reported to carry out 
N-arylation [46-49] and direct C2-arylation of [32-45] indole. 
Additionally, we and others have reported the CDC reaction 
between C3 of indole and CI of THIQ with either a permanent, 
a removable, or without a substituent on the THIQ nitrogen [15- 
23]. Hence, intermediates 3-5 are all available via established 
routes and their synthesis was not investigated within this 
contribution. Additionally, starting from 2-arylindoles 3, forma- 
tion of 1,2-diarylindoles 8 is well known [50,51] as well and 
was not investigated herein. Consequently, our research started 
with further converting these intermediates to the target prod- 
ucts. 

The introduction of THIQ in position 3 of 2-arylated indoles 3 
has not been disclosed previously (Scheme 2, first step of route 
A). Li and coworkers reported that 2-methyhndole did give the 
indolated THIQ in 61% isolated yield [15] which indicates that 
some steric bulk is tolerated in this position. We set out to test 
whether aryl substituents in position 2 would be tolerated as 
well. As model reaction 2-phenylindole (3a) was reacted with 
TV-Boc-THIQ 9 and either Fe(N03)3-9H20 or Cu(N03)2-3H20 
were applied as catalysts as reported in our previously disclosed 
indolation protocol (Table 1) [23]. 

Unfortunately, the transformation proved to be of limited 
success independent on the metal salt applied. In case of 
2-phenylindole (3a) a reasonable yield of 56% of the desired 
product 6a was obtained employing iron(III) nitrate as the cata- 




Scheme 2: Possible strategies for tine syntliesis of target structure 1. Daslied arrows indicate literature-l<nown pathways consequently not investi- 
gated in tfiis contribution, a: see [32-45]; b: see [15-23]; c; see [46-49]; d: see [50,51]. 
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Table 1 


Reaction scope for reactions of indoles 3a-d with A/-Boc- 


THIQ9. 
















0 


-^Ar^ 


9 II i ' 
[Cu] or [Fe] (5 mol %) ^x,j#=V|/NBoc 




H 


f-BHP, 50 °C 


V ^NH 


3a-d 




6a-d 


Entry 


Products 


Ar2 


Yield [%] 
Cu(N03)2 Fe{N03)3 


1 


6a 


CeHs 


44 56 


2 


6b 


4-Me-C6H4 


n.a.a 20 


3 


6c 


4-MeO-C6H4 


n.a.^ 14 


4 


6d 


3-NO2-C6H4 


n.a.^ dec.'' 


^n.a.: not attempted; ''dec: decomposition. 



lyst. In case of copper, the yield decreased to 44% (Table 1, 
entry 1). Thus, further reactions were carried out using the iron 
catalyst. Placing an electron-withdrawing nitro group on the 
phenyl ring afforded only decomposition products (Table 1, 
entry 4). The 4-tolyl- and 4-methoxyphenyl-substituted prod- 
ucts 6b and 6c were obtained in poor yields of 20 and 14%, res- 
pectively (Table 1, entries 2 and 3). Hence, route A suffers from 
a low yield already in the first step. Since the aryl substituent in 
position 2 exhibits significant steric hindrance, this can account 
for the low efficiency of this transformation. It has to be 
mentioned that compounds of type 6 have not been disclosed in 
literature so far, and even though yields are poor and the sub- 
strate scope is limited, three examples of a new compound class 
6a-c were made accessible. 

An alternative way to get to structures 6 is by inverting the 
order of bond- forming events, i.e., starting with the introduc- 
tion of THIQ in position 3 and subsequent C2-arylation of the 
indole core (i.e.. Scheme 2, route B). We and others have previ- 
ously reported the synthesis of l-(indol-3-yl)-A^-PG-THIQs 4 
[15,22,23], so we could start to investigate C2-arylation imme- 
diately. 

Although a broad range of (hetero)arenes undergo C-H-aryl- 
ation under copper catalysis, heterocycles possessing acidic 
N-H bonds react at the nitrogen preferentially [52,53]. More- 
over, directing groups such as acetyl (in combination with a 
hypervalent iodine aryl source) [42], or 2-pyridinyl attached to 
the nitrogen of the indole, are required to facilitate copper- 
catalyzed C2-arylations [54]. We intended to avoid a directing 
group on the indole since this would require two additional 



reaction steps to install and cleave such a group. Due to these 
limitations, palladium was considered as catalyst instead of 
copper since palladium has been widely recognized as powerful 
transition metal catalyst involved in C2-arylations of azoles 
[25,33,46,47,55-58]. C2-Arylation of l-(indol-3-yl)-A'-PG- 
THIQs 4 was expected to be challenging since the C3 position 
of the indole is blocked by the bulky THIQ residue. The group 
of Sames reported a ligand-free palladium-catalyzed protocol 
for C2-arylation of 3-substituted indoles [35]. However, this 
method did not give any conversion to C2-arylated products on 
our substrates. Yang et al. reported a mild palladium-catalyzed 
C2-arylation at room temperature under acidic conditions, 
employing boronic acids as aryl source [59]. Using this method 
the desired product 6a could be obtained but only in a low yield 
of 36% (Table 2, entry 1). Besides 6a also 12% of biphenyl 
could be isolated. Increasing the temperature to 50 °C proved to 
be counterproductive, as decomposition was observed due to 
partial cleavage of the Boc group. Addition of 1 equiv of 
copper(II) acetate facihtated the reaction and 51% of the desired 
product 6a were obtained (Table 2, entry 1). Further screening 
of reaction parameters (e.g., prolonged reaction time and other 
acids such as TFA) did not lead to an improvement in yield. It 
was also observed that the water content in the reaction had a 
significant influence. By thoroughly drying the AcOH (distilla- 
tion under argon atmosphere and addition of grinded molecular 
sieves to the reaction mixture) considerably slowed down the 
reaction. Formation of trimeric boronic acid anhydride was 
observed via GC-MS, a species less reactive in arylation reac- 



Table 2: Scope of palladium-catalyzed, regioselective C2-arylation of 
1-{indol-3-yl)-N-PG-THIQ 4. 



Ar2-B(OH)2 (3 equiv) 
Pd{OAc)2 (5 mol %) 
Cu(0Ac)2 (1 equiv) 

AcOH 
O2, ft, 24 h 





4a: R = 


Boc 4b: R 


= Cbz 






4c: R = 


Bn 4d: R 


= H 




6 


Entry 


Products 


Ar2 


PG 


Yield [%] 


1 


6a 


CeHs 


Boc 


51/36^ 


2 


6b 


4-Me-C6H4 


Boc 


49 


3 


6c 


4-MeO-C6H4 


Boc 


34 


4 


6e 


4-NO2-C6H4 


Boc 


7" 


5 


6f 


1-naphthyl 


Boc 


14" 


6 


69 


CeHs 


Cbz 


51 


7 


6h 


CeHs 


Bn 


n.c.'^ 


8 


6i 


CeHs 


H 


traces 



^Without Cu{OAc)2; ''conversion according to GC-MS, not isolated; 
"no conversion. 



2189 



Beilstein J. Org. Chem. 2014, 10, 2186-2199. 



tions. When small amounts of water were added on purpose the 
reaction solution turned black immediately, most likely due to 
the formation of Pd black which is inactive in the present trans- 
formation. Obviously the steric bulk of the THIQ substituent in 
3-position makes this transformation quite difficult. Hence it 
was decided to stick with the so far best conditions to investi- 
gate the scope of C2-arylation, the first step of route B 
(Scheme 2). 

Using substituted boronic acids led to decreased yields in most 
cases. Only 4-tolylboronic acid fiarnished the desired product 6b 
in the same yield range as compared to phenylboronic acid 
(49%, Table 2, entry 2). The yield dropped to 34% when 
employing a +M-substituent such as 4-methoxy (Table 2, entry 
3). C2-arylation in presence of a strongly electron-withdrawing 
group such as 4-nitrophenyl afforded a poor yield of 7% (6e, 
Table 2, entry 4). The sterically demanding 1-naphthyl group 
furnished product 6f in unsatisfactory 14% yield. Using phenyl- 
boronic acid the yield was the same no matter whether Boc or 
Cbz were used as protecting group (Table 2, entries 1 and 6). A 
carbonyl protective group on the nitrogen of THIQ proved to be 
crucial, as only traces of the correct m/z for desired product 6i 
were observed (GC-MS) in case of unprotected THIQ 4d 
(Table 2, entry 8) and also benzyl-protected 4c showed no reac- 
tion (6h, Table 2, entry 7). 

Pathways to intermediate 7 through routes C and D 

As it was the case for the synthesis of 6, compounds of type 4 
can be used as starting material for the synthesis of intermedi- 
ates 7 (Scheme 2, first step in route C). In this case we expected 
N-arylation to proceed favorably under iron catalysis due to a 
largely relieved steric situation. N-Arylation of 4 was initially 
attempted under the iron-catalyzed N-arylation conditions 
reported by Bolm [60]. 

Gratifyingly, the reaction of 4a with iodobenzene afforded 
product 7a in a good yield of 72% (86% based on re-isolated 
4a) after flash chromatography (Table 3, entry 1). Product 7g 
was obtained in slightly better yield when replacing the Boc-PG 
with Cbz (Table 3, entry 7, 77%). Since both protective groups 
performed well, it was decided to use the Boc-PG for further 
investigations out of two reasons: i) the Boc group proved to be 
most efficient for iron-catalyzed indolation of A^-PG-THIQ; ii) a 
facile protocol for deprotection of the Boc group using TMSCl/ 
MeOH was already established within a previous study [22]. 
Hence, the scope of arylation was investigated on l-(indol-3- 
yl)-7V-Boc-THIQ 4a. The best yield was obtained when 
employing electron-rich 2-iodothiophene yielding 7c in 85% 
(Table 3, entry 3). l-Fluoro-4-iodobenzene showed a similar 
result (84% of Id), indicating that a -I-substituent is well 
accepted when employing an iron catalyst for N-arylation 



(Table 3, entry 4). A reasonable yield of 68% was obtained 
when performing the arylation with 4-iodoanisole (Table 3, 
entry 2), which is in the same range as for the phenyl-substi- 
tuted product. Placing a nitro group in position 4 of the aryl 
motif significantly reduced the yield (Table 3, entry 5, 50% of 
7e). 

Table 3: Scope of iron-catalyzed N-arylation of 4a,b,d. 



Ar-I (1 .5 equiv) 
DMEDA (20 mol %) 
FeCIa (10 mol %) 

K3PO4 
toluene 
135 X 

Cbz 





Boc, 4b: R : 
H 



7a-h 



Entry Products Ar'' 



PG Yield [%f 



1 7a 

2 7b 

3 7c 

4 7d 

5 7e 

6 7f 

7 7g 
I 8 7h 



4-l\/leO-C6H4 
2-thienyl 
4-F-C6H4 
4-NO2-C6H4 



Boc 72(86) 

Boc 68 (84) 

Boc 85 

Boc 84 

Boc 50 (74) 



2-fluoropyridin-3-yl Boc n.c. 
CeHg Cbz 77 

CeHs H dec. 



^Yields in parentheses are based on reisolated starting material. 



Electron-poor heterocycles with additional steric hindrance such 
as 2-fluoro-3-iodopyridine (10) were ineffective under these 
conditions. Instead, nucleophilic substitution by the A^,A^- 
dimethylethylenediamine (DMEDA) ligand took place, 
affording product 11 quantitatively (Scheme 3). 

Depending on the synthetic problem indole N-arylation of 
unprotected THIQ can be a desirable transformation as well and 
thus was investigated further. However, attempts to N-arylate 
4d did not give a clean transformation (Table 3, entry 8) but 
ended up in decomposition products observed by TLC and 
detected by GC-MS (Scheme 4). 

Similar results were obtained when replacing the iron catalyst 
with copper(I) iodide, keeping the other parameters constant. In 
this reaction, 1-phenylindole (5a) was isolated as major product 
in 45% yield. These results suggest that in these reactions the 
temperature was too high, resulting in decomposition of starting 
material 4d and product 7h. This was confirmed by heating 4d 
in isooctane (bp: 99 °C) leading to decomposition as well. Thus, 
an alternative N-arylation method had to be established, 
employing milder conditions, especially at lower reaction 
temperature. Phillips et al. demonstrated that N-arylation can be 
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NBoc 



4a 



10 



DMEDA (20 mol %) 
FeCIs (10 mol %) 

K3PO4 
toluene 
135 °C, 48 h 



NBoc 




7h not isolated 



Scheme 3: Nucleophilic substitution of DMEDA with 2-fluoro-3-iodopyridine (10). 





11 100% 





FeCl3(10 mol %) 
DMEDA (20 mol %) 
Phi (1.5 equiv) 


O) 


Cx> 








K3PO4 (2.0 equiv) 
toluene 
135 °C, 2 d 


H 


Ph 


Ph 


Ph 


4d 




2a 21% 


5a 32% 


12 18% 


7h traces 


Scheme 4: Decomposition of 1-(indol-3-yl)-THIQ 4d during N-arylation (monitored by GC-MS). 



Table 4: CsF-mediated, copper-catalyzed regioselective N-arylation. 




Ar-I (1.5 equiv) 
CsF (2.5 equiv) 
Cul (5 mol %) 
DMEDA (10 mol %) 

MeCN ' 
70 °C, 24 h 




4d 



7h-m 



Entry 


Products 


Ari 


Yield [%] 


1 


7h 


CeHs 


73/62^/n.c'' 


2 


7i 


4-MeO-C6H4 


52<= 


3 


7j 


2-thienyl 


79 


4 


7k 


4-F-C6H4 


58 


5 


71 


3-NO2-C6H4 


74 


6 


7m 


4-COOEt-C6H4 


63 



^100 °C, 2 h; ''without CsF; ''1 1% elimination byproduct isolated. 



carried out using CsF instead of strong alkali metal bases at 
60 °C employing various heterocyclic substrates including 
indole [61]. Inspired by this report, reaction parameters were 
changed to 2.5 equiv CsF instead of K3PO4 and acetonitrile 
instead of toluene. Most importantly 70 °C were applied instead 
of 135 °C using 4d as substrate (Table 4). 

In a first attempt using iodobenzene as aryl donor, the lowered 
reaction temperature (70 °C) resulted in product formation with 
minimal decomposition according to TLC and GC-MS and a 
good yield of 7h (73%) was obtained (Table 4, entry 1). 

NMR and '^C NMR confirmed that arylation occurred 
regioselectively at the nitrogen of the indole moiety. Carrying 
out the reaction in the absence of cesium fluoride resulted in no 
conversion. At 100 °C the reaction time could be reduced to 
2 hours, however, the yield dropped to 62% due to increased 
decomposition. Hence, the reaction scope was investigated at 
70 °C. Electron-rich 2-iodothiophene afforded a good yield of 
79% of 7j (Table 4, entry 3). This time, 4-iodoanisole was not 
as effective opposed to the N-arylation of 4b, but still gave a 
satisfactory yield of 52% of 7i (Table 4, entry 2). Besides 7i, 
also 11% of l-[(4-methoxyphenyl)-indol-3-yl]-DHIQ were 
isolated as byproduct, which originates from oxidation of the 
corresponding THIQ. An ester fiinctionality was well tolerated. 



furnishing 63% of product Im (Table 4, entry 6) and also 
4-fluorophenyl and 3-nitrophenyl groups did not hamper the 
reaction (Table 4, entries 4 and 5). Arylation of the nitrogen of 
the THIQ core was not observed in any case. 
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Alternatively, intermediates 7 can be formed by N-arylindola- 
tion of 7V-PG-THIQ 9 (Scheme 2, first step of route D, Table 5). 
Thus, in the beginning, indole was N-arylated according to 
literature conditions giving substrates 5a-e [62,63], The 
obtained intermediates were then reacted with A^-Boc-THIQ 9. 
Gratifyingly, in both cases our previously established iron- or 
copper-catalyzed indolation protocols [22,23] afforded the 
corresponding products 7. Hence, N-substituted indoles 5 are 
efficient substrates in this transformation. Still, a significant 
difference in yields was observed when applying copper or iron 
as the catalyst (Table 5). 

When performing the reaction under copper(II) nitrate catalysis, 
a good yield of 83% of 7a was obtained when 1-phenylindole 
(5a) was used as N-arylindole coupling partner (Table 5, entry 
1). On the other hand, a significant decrease in product yield 
was observed when employing iron(III) nitrate as the catalyst 
(Table 5, entry 1, 49%). The same trend in catalyst activity was 
confirmed when switching to l-(4-methoxyphenyl)indole (5b) 
as substrate furnishing the corresponding product 7b in 69% 
(Cu, Table 5, entry 2) and 40% (Fe, Table 5, entry 2). Obvi- 
ously, copper is superior to iron in this particular transforma- 
tion. Thus, the remaining N-arylindoles 5c-e were reacted 
under copper catalysis exclusively. Again, the electron-rich 
thiophen-2-yl-substituted substrate gave 7c in a good yield of 
78% (Table 5, entry 3). Also the 4-fluorophenyl precursor 5d 
performed well, furnishing the desired product 7d in 65% yield 
(Table 5, entry 4). 

In case of the 4-nitrophenyl group as in 5e, which reflects a 
— M/-I-substituent, no conversion was observed under standard 
indolation conditions (5 mol % Cu(N03)2'3H20, 1.3 equiv 



Beilstein J. Org. Chem. 2014, 10, 2186-2199. 



f-BHP, 50 °C, 15 h). Hence, another batch (1.3 equiv) of ?-BHP 
and Cu(N03)2-3H20 (5 mol %) was added and the temperature 
was increased to 80 °C. Gratifyingly, the desired product 7e was 
obtained, however a lower yield of 45% was achieved (Table 5, 
entry 5). Besides the desired product 7e, also a byproduct could 
be isolated and identified as benzylic oxidized product 13 
(Scheme 5). This compound is formed from 7e since submit- 
ting pure 7e to the reaction conditions led to formation of 
13 in 77% yield, explaining the decreased yield for 5e (Table 5, 
entry 5). 



Table 5: Scope of the reaction of N-arylindoles 5a-e witfi W-Boc-THIQ 
9. 




5a-e 7a-e 



Entry Products Ar'' Yield [%] 

Cu(N03)2 Fe(N03)3 



1 


7a 


CeHs 


83 


49 


2 


7b 


4-MeO-C6H4 


69 


40 


3 


7c 


2-thienyl 


78 


n.a.^ 


4 


7d 


4-F-C6H4 


65 


n.a.^ 


5 


7e 


4-NO2-C6H4 


45'' 


n.a.^ 



=n.a: not attempted; ''2.6 equiv f-BHP, 10 mol % [Cu], 80 °C, 2 d. 



Cu(N03)2 (10 mol %) 
f-BHP (6 equiv) 

MeCN, 80 °C 
77% 




Scheme 5: Formation of byproduct 13 via benzylic oxidation. 
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The question remained whether copper is required for the for- 
mation of 13. Thus, 7e was reacted in presence and in absence 
of a copper catalyst. Interestingly, the byproduct 13 was formed 
in 83% conversion (GC-MS) without adding a catalyst to the 
reaction under neat conditions. 



Additionally, Pd(OAc)2 is a readily available and relatively 
inexpensive palladium catalyst. Even though these conditions 
were not tested on 1-arylindoles such as 5 we expected good 
results from this procedure and these results are summarized in 
Table 6. 



Pathways to intermediate 8 for routes E and F 

The third potential substrates for formation of target structure 1 
are 1,2-diarylindoles 8 which can be used for indolation of 
PG-A'-THIQs. Basically, there are two routes towards the syn- 
thesis of 1,2-diarylindoles 8: Either through N-arylation of 
2-arylindoles 3 (Scheme 2, first step of route F), which is the 
more common approach [50,51], or by regioselective C2-aryl- 
ation of 1-arylindoles 5 (Scheme 2, first step of route E). The 
latter strategy is rare in literature [64,65]. Two examples 
towards 1,2-diarylindoles 8 were initially reported by the group 
of Sames using a palladium-catalyzed protocol employing 
phenyl iodide [64]. However, this C2-arylation protocol 
requires phosphine ligands and high reaction temperatures. 
Thus, we considered the C2-arylation conditions reported by 
Yang et al. to be the better choice since mild conditions can be 
applied and only oxygen is required as oxidant (Table 6) [59]. 



Considering the aryl donors, excellent yield of products 8 were 
obtained in case of phenyl (5a, 96%, Table 6, entry 1), 4-tolyl 
(8d, 87%, Table 6, entry 4), and 4-methoxyphenyl (8c, 94%, 
Table 6, entry 3) substituents. In case of the phenyl substituent, 
formation of the corresponding 1,3-diarylindole 14a was below 
the detection limit of the GC-MS. In the other two cases 
3-arylated byproduct 14 was detected but in negligible amounts 
(8:14 = 48:1 and 38:1 respectively). The CF3 group as electron- 
withdrawing substituent was well tolerated (Table 6, entry 5). 
On the other hand, a nitro group in 3-position of the aryl donor 
furnished 1,2-diarylindole 8f in a decreased yield of 34% 
(Table 6, entry 6). Besides 8f, 10% of 3-(3-nitrophenyl)-l- 
phenylindole (14f) could be isolated as well. Sterically 
demanding substrates such as 1-naphthyl-substituted indole 5g 
(Table 6, entry 7) and 2-tolylindole (5h, Table 6, entry 8) 
afforded the desired products after prolonged reaction time of 3 



Table 6: Scope of regioselective C2-arylation of 1-arylindoles 5. 



.^^-^.^^ Ar2-B{OH)2 R T'^^ 

Ar^ O2, rt Ar^ Xr^ 

5 8 14 



Entry 


Products 


R 


Ari 


Ar2 


t 


8:14^ 


Yield [%] 


1 


8a 


H 


CeHs 


CeHs 


24 h 


8a only 


96 


2 


8b 


H 


CeHs 


4-CI-C6H4 


2d 


91:1 


11 


3 


8c 


H 


CeHs 


4-MeO-CeH4 


24 h 


48:1 


94 


4 


8d 


H 


CeHs 


4-Me-C6H4 


24 h 


38:1 


87 


5 


8e 


H 


CeHs 


4-CF3-CeH4 


2d 


11:1 


91" 


6 


8f 


H 


CeHs 


3-NO2-C6H4 


3d 


6:1 


34^= 


7 


8g 


H 


CeHs 


1-naphthyl 


132 h 


4:1 


34'' 


8 


8h 


H 


CeHs 


2-Me-C6H4 


3d 


45:55 


94'' 


9 


8i 


H 


CeHs 


2-thienyl 


n.c. 






10 


8j 


OMe 


CeHs 


CeHs 


24 h 


63:1 


82 


11 


8k 


H 


4-MeO-C6H4 


CeHs 


5d 


8k only 


54 


12 


81 


H 


2-thienyl 


CeHs 


n.c. 






13 


8m 


H 


5-phenyloxazol-2-yl 


CeHs 


18d 


4.7:1 


37<^ 


14 


8n 


NO2 


CeHs 


CeHs 


3d 


34:1 


45 


15 


80 


H 


4-NO2-C6H4 


CeHs 


4d 


26:1 


59 


16 


8p 


H 


4-F-CeH4 


CeHs 


3d 


23:1 


77 


17 


8q 


H 


1-naphthyl 


CeHs 


3d 


5:1 


75 



^Ratio of 8 and 14 determined by GC-MS; ''overall yield of C2:C3 product mixture; "Mf isolated in 10% yield; ''conversion according to GC-MS, but 
could not be isolated. 

I 
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and 5.5 days, respectively. In case of 5h an almost quantitative 
yield of 94% was achieved, but unfortunately containing an 
inseparable mixture of 1,2-diaryl- 8h and 1,3-diarylindole 
isomer 14h in almost identical amount (Table 6, entry 8). The 

1- naphthyl-substituted indole 5g furnished the product 8g in the 
same yield of 34% (Table 6, entry 7) as the 3-nitrophenyl 
group, again as an inseparable mixture of C2 and C3 isomers. 

2- Thiopheneboronic acid as prototype heterocyclic reaction 
partner was not tolerated at all (Table 6, entry 9). Functional 
groups on the indole also significantly affected C2-arylation: In 
case of the electron poorer 5-nitroindole (5n) the yield dropped 
to 45% and required an increased reaction time of 3 days 
(Table 6, entry 14). On the other hand a good yield of 82% of 8j 
was obtained in the reaction with electron- rich 5-methoxyin- 
dole (5j, Table 6, entry 10). l-Phenyl-7-azaindole was not 
applicable as substrate under these conditions. Next, the influ- 
ence of the aryl group attached to the nitrogen of indole was 
investigated using phenylboronic acid as aryl source in all 
cases. Again, the 2-thienyl group was not tolerated (Table 6, 
entry 12); eventually, catalyst poisoning can be the reason for 
this observation. 5-Phenyloxazole as N-substituent (5m) gave 
only 37% conversion according to GC-MS after an extremely 
long reaction time of 18 days (Table 6, entry 13). Respectable 
yields were obtained with 4-fluorophenyl- (77%, Table 6, 
entry 16), 4-nitrophenyl- (59%, Tabic 6, entry 15), and 
4-methoxyphenyl- (54%, Table 6, entry 11) substituted indoles. 
Notably, a bulky substituent such as 1-naphthyl gave a good 
yield of 75% of 8q when attached to the nitrogen of the indole 
(Table 6, entry 17). 

The other way to synthesize compounds 8 would be an inverse 
order of arylation, namely C2-arylation before N-arylation 
(Scheme 2, route F). To compare both routes we prepared 8a 
through this second route as well. Starting from indole 2a, 3a 
was prepared in 61% yield, again via the conditions established 
by Yang (Scheme 6) [59]. Subsequent N-arylation was achieved 
successfully in 86% yield giving 8a in an overall yield of 52%. 
On the other hand, initial N-arylation followed by C2-arylation 
gave 8a in 88% overall yield making the latter sequence the 
more efficient one. 

Summary of the synthesis of precursors 6-8 

Our efforts towards intermediates 6-8 are compiled in Table 7. 
In summary, both pathways towards intermediates 6 suffer from 
significant limitations making the synthesis of 1 through 6 an 
inefficient method. Hence, routes A and B will be of low effi- 
ciency, no matter how good the final step will work. Synthesis 
of intermediate 7 works quite well with good functional group 
tolerance independent of the starting material 4 or 5. The same 
is true for the formation of 8, both ways, starting from 3 or 5, 
seem to be well working. We investigated only C2-arylation of 




5a 8a 



Scheme 6: Routes towards 1 ,2-diarylindoles starting from indole; 

a: PliB(OH)2 (3 equiv), Pd(OAc)2 (5 mol %), AcOH, O2, rt, 12 ii; b: Cul 

(10 mol %), DIMEDA (20 mol %), K3PO4 (4 equiv), toluene, 135 °C, 

5 in detail since N-arylation of 3 is well documented [50,51]. In 
a single example, the synthesis of 8a, we compared both ways 
and found the route through compound 5 to be higher yielding 
(route E). This is an interesting finding since the preparation of 
1,2-diarylindoles via initial N-arylation is rarely reported. Inde- 
pendent of the final reaction step towards 1 it is already obvious 
that a strategy starting fi-om indole derivatives 2 via intermedi- 
ate 6 will not be the preferred route and that routes C-F look 
more promising at this point. Next, the conversion of intermedi- 
ates 6-8 to 1 was investigated. 

Approaches to target compound 1 
Converting 6 into 1 - final step of routes A and B 

Even though the synthetic approaches towards 6 were of limited 
success, N-arylation of this compound class was investigated to 
assess access to target compounds 1 via intermediates of type 6. 
Multiple protocols for N-arylation of indole are reported in 
literature and have been reviewed [25,46,66]. In this context, 
iron-catalyzed arylations gained prominence in recent years 
[67-69]. Especially one of these protocols drew our attention: 
The group of C. Bohn reported a facile, iron-catalyzed protocol 
for N-arylation of various N-heterocycles including one 
example on indole (phenylation in 60% yield), employing 
aryliodides, A',A''-dimethylethylenediamine (DMEDA) as 
ligand, iron(III) chloride as cheap catalyst and potassium phos- 
phate as base in toluene as solvent [60]. As we have previously 
disclosed a manuscript reporting on iron-catalyzed indolation of 
Af-protected-THIQs [22], it would be of high synthetic value to 
apply the same catalyst for indolation and for subsequent 
N-arylation or vice versa in a one-pot protocol. Unfortunately, 
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Table 7: Overview of synthetic efforts towards intermediates 6-8. 

Substrate Product 




-N 
H 



-Ar2 



- Limited scope 

- FGs groups not well tolerated 

- Only phenyl gives acceptable 
yield 



Not investigated in detail but 
formation of 8a is higher yielding 
starting from 5 than from 3 




- Limited scope 

- FGs groups not well tolerated 

- Only electron neutral arenes give 
acceptable yield 



■ Works well 

■ FGs well accepted 

■ Boc or Cbz as R 

■ If R = H decomposition 



Works well under Cu 
catalysis 

FGs well accepted 
45-83% yield 



■ Works well under Pd catalysis 

■ Good substrate scope 

■ C3-arylation as minor byproduct 



only traces of the desired product la were observed when l-(2- 
phenylindol-3-yl)-A'-Boc-THIQ 6a was used as starting ma- 
terial in presence of iron(III) chloride as catalyst. Hence, alter- 
native N-arylation conditions were applied, employing Cul 
instead. The use of Cul has been reported in literature, however, 
not in context of indole N-arylation [62,63]. In order to drive 
the reaction to completion, 3 equiv of aryl iodide were added in 
two portions of 1 .5 equiv each (Table 8). Using lower amounts 
of halide did not lead to complete conversion. 

Good yields were obtained in all four cases investigated using 
this protocol. Electron-rich iodides gave the best results 
(Table 8, entries 2 and 3) whereas electron-poor 4-iodonitroben- 
zene gave somewhat lower yield. Even though 3 equiv of aryl 
iodide had to be used to achieve completion, it could be demon- 
strated that most of the excess could be re-isolated (2.14 equiv 
of 4-iodoanisole were recovered) after column chromatography 
which is important in cases where expensive aryl halides are 
employed. 

Overall it could be demonstrated that l-(l,2-diarylindol-3-yl)- 
iV-PG-THIQs 1 can be prepared in principal by performing the 
indole-arylation as last step in the synthetic sequence of routes 
A and B. Unfortunately, the preparation of l-(2-aryl-indol-3- 



Table 8: Scope of copper catalyzed N-arylation of 6a. 






Ar^-I (3 equiv) 
Cul (10 mol %) 




(X 


NBoc 


DMEDA (20 mol %) 
K3PO4 (4 equiv) 




o 


-NH 
6a 


toluene 
135 °C, 24 h 


1 


Entry 


Products 


Ari 


Yield [%] 


1 


1a 


CeHs 


68 


2 


1b 


4-MeO-C6H4 


84 


3 


1c 


2-thienyl 


72 


4 


Id 


4-NO2-C6H4 


54 



yl)-A'-PG-THIQs 6 is inefficient since indole C2-arylation of 

1- (indol-3-yl)-7V-PG-THIQ 4 is low yielding. CDC coupling of 

2- arylated indoles 3 and A'-Boc-THIQ 9 was even less efficient 
under the applied reaction conditions. Therefore, routes A and 
B do not give satisfying results overall, due to problems in only 
one of the reaction steps. Hence, an alternative strategy had to 
be developed. 
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Converting 7 into 1 - final step of routes C and D 

Since two routes to l-(l-arylindol-3-yl)-THIQs 7 were success- 
fully established, the final C2-arylation step towards 1-(1,2- 
diarylindol-3-yl)-THIQs 1 was examined. Initially, 1-(1- 
phenylindol-3-yl)-A^-Boc-THIQ 7a was subjected to C2-aryl- 
ation conditions (Scheme 7). However, the desired product la 
was not detected and only starting material was recovered no 
matter whether 7a or 7h was used as starting material. Steric 
hindrance is the most obvious reason for this failure. Another 
problem we encountered was that la (prepared from another 
route) and 7a have identical i?f values which would make purifi- 
cation of the final product extremely difficult. Hence, it was 
decided to change to another sequence instead of further opti- 
mizing this procedure. 

Converting 8 into 1 - final step of routes E and F 

Starting materials 8 were subjected to standard indolation 
conditions, using copper(II) nitrate as catalyst (Table 9). This 



also applies to the isolated, inseparable C2- (8) and C3-substi- 
tuted (14) mixtures, since the C3-arylated compounds remain 
unreacted in the present transformation and can be separated 
from the desired product easily. 

In case of 1,2-diphenyhndole (8a), 48% of desired product la 
were obtained under copper catalysis (Table 9, entry 1). Good 
yields with respect to indolation were obtained in case of 
4-methoxyphenyl- (le) and 4-tolyl- (If) substituents (63% and 
59% respectively. Table 9, entries 2 and 3). Deactivated 
substrates such as 4-(trifluoromethyl)phenyl-substituted 8d and 
3-nitrophenyl-substituted 8e afforded the corresponding prod- 
ucts in decreased yield (46%, Table 9, entry 4 and 41%, 
Table 9, entry 5). For sterically demanding substrates such as 8g 
and 8h (Table 9, entries 6 and 7) the standard indolation condi- 
tions had to be modified in order to increase conversion to the 
desired product 1 (see Table 9, note a). Still, only a moderate 
yield of 37% was achieved in case of 2-tolyl- (Ij, Table 9, entry 





Ph-B(0H)2 (3 equiv) 
Pd(OAc)2 (5 mol %) 
Cu(0Ac)2 (1 equiv) 

AcOH ^ 
O2, rt, 24 h 














7a 






Scheme 7: Palladium-catalyzed C2-arylation attempt of 1-(1-phenylindol-3-yl)-A/-Boc-THIQ. 



Table 9: Substrate scope for reactions of 1 ,2-diary!indoles 8 with W-Boc-THIQ 9. 




NBOC 




Cu(N03)2 (5 mol %) 
f-BHP, 50 °C, 2d 




TMSCI (15 equiv) 
MeOH, 24 h, 40 °C 




Entry 



Products 



Ar2 



Yield [%] 



1a 
1e 
1f 

1g 
1h 
1i 
1j 



CeHs 

4-MeO-C6H4 
4-Me-C6H4 
4-CF3-C6H4 
3-NO2-C6H4 

1- naphthyl 

2- Me-C6H4 



48 

63 

59 

46 

41 

30^ 

37'= 



^5 days instead of 2 days; 45% 8g recovered. ''5 days instead of 2 days; 62% 8h recovered. 



L 
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7) and 30% with the 1-naphthyl-substituted product li (Table 9, 
entry 6). As proof of concept, the Boc-protective group could be 
removed via our previously established protocol by employing 
TMSCl as mild reagent for deprotection giving 81% of 15 [22]. 
Hence, routes E and F were completed successfully with the 
former giving the best results of all six sequences. 

Conclusion 

The results of the final steps towards target structure 1 are 
compiled in Table 10, the results for the synthesis of intermedi- 
ates 6-8 in Table 7. 



Table 10: Comparison of the final reaction step towards 1 starting from 
intermediates 6-8. 



Substrate 



Product 





Ari = Ar2 = CrH 



6^5 



Ar^ = 4-MeO-C6H4, Ar^ = CeHs 84% 1b 
Ar^ = 2-thienyl, Ar^ = CgHs 72% 1c 
Ari = 4-NO2-C6H4, Ar2 = CeHj 54% Id 



Not successful 



Ar^=Ar2 = C6H5 48% la 

Ar^ = CeHg, Ar^ = 4-MeO-C6H4 63% 1e 
Ar^ = CeHg, Ar2 = 4-Me-C6H4 59% If 
Ar^ = CeHs, Ar^ = 4-CF3-C6H4 
Ar^ = CgHs, Ar2 = 3-NO2-C6H4 
Ar^ = C6H5, Ar2 = 1-naphtyl 
Ar^ = CeHs, Ar^ = 2-Me-C6H4 



46% 1g 
41% 1h 
30% li^ 
37% Ij" 



^45% 8g recovered; '=62% 8h recovered. 



From these tables it can be seen that synthetic routes towards 
target compounds 1 are unsuitable in cases where either inter- 
mediate 6 or 7 is involved (routes A-D). The problem with 
intermediate 6 is that its formation is low yielding which cannot 
be compensated by the well- working conversion of 6 to 1. Inter- 
mediate 7 on the other hand can be synthesized efficiently; 
however, it cannot be converted to the target compounds 1. 



Hence, only strategies involving 1,2-diarylindole intermediate 8 
lead to the target compounds 1 reliably (routes E and F). 

It has to be mentioned that we limited ourselves to iron, copper, 
and palladium-catalyzed protocols in this study. Hence, further 
screening of other reaction conditions could also lead to better 
results in the other approaches. 

On the way to the target compounds an efficient synthesis of 
1,2-diarylindoles 8 was developed via initial N-arylation and 
subsequent C2-arylation, a route which was largely neglected in 
literature, so far. In this reaction sequence the substrate scope 
was investigated thoroughly, as well. Additionally, l-aryl-3- 
THIQ-indoles 7 and 2-aryl-3-THIQ-indoles 6 were synthesized 
on the way to the target compounds. From the former com- 
pound class only two derivatives have been reported [9], the 
latter has not been disclosed previously. 

The final products obtained combine structural motifs from 
compound classes showing diverse biological activity. It is 
hoped that also the synthesized products will display activity 
which will be investigated in the near future. 
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